This paper describes some ground-penetrating radar ͑GPR͒ results to characterize steel tanks buried in the subsoil of an urban center. Tanks were installed in the first Brazilian geophysical test site located at the Institute of Astronomy, Geophysics, and Atmospheric Science ͑IAG͒ of the University of São Paulo ͑USP͒. This paper also presents an effective procedure for removal of hyperbolic artifacts associated with GPR reflections between multiple steel tanks. One hundred sixty-five GPR profiles of 200 MHz, 400 MHz, and 500 MHz ͑shielded bistatic antennae͒ were measured. The work was done in two distinct places: on the geophysical test site of the IAG/USP in the city of São Paulo, Brazil, and in an area formerly occupied by a truck cleaning, refueling, and maintenance facility, located in Oscoda, northeastern Michigan, USA. Predictive deconvolution and Kirchhoff migration were first used to improve vertical and lateral resolution. To minimize the hyperbolic artifacts caused by reflections between tanks, high-pass filtering was applied to data. Then, Hilbert transforms emphasize the location of the steel tanks in an energy cross-section form. Further GPR processing, such as vertical and depth slices, were very important to improve visualization and localization of steel tanks and pipes in the subsurface.
INTRODUCTION
GPR is a nondestructive electromagnetic method that uses highfrequency ͑10 MHz-2.5 GHz͒ radio waves, and has several applications for shallow subsurface investigations, such as mineral exploration, geological, geotechnical, hydrogeological, environmental, and archaeological studies. The theoretical basis for this method can be found in Ward and Hohmann ͑1987͒, Davis and Annan ͑1989͒, Daniels ͑1996͒, and Porsani ͑1999͒, among others.
In particular, GPR is efficient for geologic characterization of the subsurface as well as for mapping of nongeologic objects, for example, detection of steel, plastic, and concrete targets buried in the subsoil ͑Daniels et al., 1995; Zeng and McMechan, 1997; Grandjean et al., 2000; Paniagua et al., 2004; Borges and Porsani, 2005; Lima and Porsani, 2005; Porsani et al., 2006; Rodrigues and Porsani, 2006͒. Rapid industrial development accompanying population growth in large cities causes various problems such as environmental contamination. Many other problems in urban areas are caused by subway line construction, the placing of pipes underground for water supply, galleries for storm water drainage, high-voltage electric cables, fiber-optic cables, and gas pipelines in the subsoil. The usual main problems relate to the destruction of preexisting underground utilities, which disrupt the local economy, transport, communication, and may even put lives at risk.
The use of geophysical methods, particularly GPR, before beginning geotechnical excavations in the great urban centers becomes important to detect previously installed utilities in the subsoil, such as electric and telephone cables, water and gas pipelines, etc. Therefore, such methods can serve to prevent accidents and minimize the risks to society. However, data interpretation can be complex because of ambiguities found in the results. To reduce the uncertainties, one line of research with the GPR method performs studies under controlled conditions aimed at better understanding the normal reflection patterns caused by different targets in the subsurface ͑Grandjean et al., 2000; Gerber et al., 2004; Paniagua et al., 2004; Porsani et al., 2006; Rodrigues and Porsani, 2006͒. In this context, this article presents some GPR 2D/3D results performed in a geophysical test site at the Institute of Astronomy, Geophysics, and Atmospheric Science ͑IAG͒ at the University of São Paulo ͑USP͒, where multiple steel tanks are buried, and in an area formerly used for truck fueling and maintenance located in the town of Oscoda, northeastern Michigan, USA.
As is already well known, GPR reflection from metal tanks is characterized by strong hyperbolic reflection patterns ͑Ulriksen, 1982; Zeng and McMechan, 1997 ; among others͒. However, electromagnetic wave reflections between a pair of steel tanks cause a third hyperbola ͑an artifact͒. This fact can be a pitfall in mapping subsurface objects, because it causes an overestimation of target numbers in the subsurface. Therefore, to avoid an erroneous interpretation of the number and location of multiple targets in the subsurface, this extra hyperbola ͑artifact͒ must be corrected or removed.
In this article, we show an effective procedure for removal of hyperbolic artifacts caused by multiple steel tanks by using high-pass filtering where relevant position and depth information is retained. Predictive deconvolution and Kirchhoff migration were used to improve vertical and lateral resolution.
Knowledge of the correct spatial distribution of targets in the subsoil is important in mapping buried utilities for urban planning and environmental engineering. This information serves as basis for planning the advance of geotechnical excavations in urban centers because it helps minimize problems related to the damage or destruction of preexisting underground utilities, and avoid dangerous accidents.
STUDY AREAS IAG/USP test site, São Paulo, Brazil
The test site at the Institute of Astronomy, Geophysics, and Atmospheric Science ͑IAG͒ at the University of São Paulo ͑USP͒ is a pioneering effort in Brazil, and it is located in a geologic-urban context different from other test sites set in Europe and the United States. This geophysical test site is situated at the border of São Paulo sedimentary basin, located in the city of São Paulo, Brazil ͑Figure 1͒.
A clayey-sand soil ͑typically tropical soil different from European and North American soils͒ and sand-clayey sediments of the Resende and São Paulo formations underlie the local area, overlapping onto the granite-gneissic basement ͑Porsani et al., 2004͒.
The test site was constructed for teaching and research. Constructed close to IAG/USP, it has an area of 1500 m 2 ͑50 m ϫ 30 m͒. The targets were grouped by types of materials, and buried along 7 lines in the magnetic north-south direction. A long metallic pipe of 3.8 cm diameter was buried in an east-west orientation at 0.5-m depth at the 15 m north position, crossing all lines, and serves as a guide or reference target for various geophysical surveys.
Targets with different geometries were buried with long axes in north-south or east-west directions, and at depths to tops varying from 0.5 to 2 m. Details of its design and construction, as well as some GPR results, are found in Porsani et al. ͑2006͒.
All materials were chosen to have magnetic and conductive properties, or to generate reflections in GPR profiles in order to simulate the main targets that usually are found in the urban center environment and at some archaeological sites. After targets were buried, the local landscape was restored. The only evidence at the surface is four concrete marks placed at the corners of the test site.
As already mentioned, the IAG/USP test site is an important tool for teaching and research in applied geophysics. At present, it is used to check the penetration and resolution of different geophysical methods for detection and characterization of shallow targets ͑Borges and Lima and Porsani, 2005; Porsani et al., 2006; Rodrigues and Porsani, 2006͒. In this article, some GPR results for characterizing multiple steel tanks are described. Cylindrical tanks of 200 liters were installed in horizontal and vertical positions along line 4 at the IAG/USP test site. The tanks, 0.59 m in diameter and 0.86 m long, were painted with antirust paint for longer life and buried empty to prevent corrosion. The tanks were buried individually and in pairs, and they were installed at 0.5-, 1.0-, and 2.0-m depths. Figure 2 shows a photograph of the system for measuring the spatial positions of targets while they were being installed. Individual tanks and the steel reference pipe are spaced 4 m apart and the tank pair are spaced 1 m apart. The layout of steel tank positions along line 4 will be presented in the analysis of results. This line was for simulating an environmental site in which steel tank location is the goal.
Oscoda, Michigan site, USA
A commercial trucking company once owned this site where truck cleaning, refueling, and maintenance took place. It is located in the town of Oscoda, northeastern Michigan, north of Saginaw Bay in Iosco County. The site is on the sand-dominated coastal plain of Lake Huron, where sand is in excess of 15 m thick, and the water table lies at about 2-m depth. The large steel underground storage tanks are located approximately 100 m west of the shoreline of Lake Huron, one of the Great Lakes. The location is at present the unpaved sand-surfaced portion of a parking lot behind a bowling alley, near the property line with an adjacent restaurant's parking area. No structures remain from the former use of this site.
ACQUISITION AND PROCESSING OF GPR DATA
One hundred sixty-four GPR profiles of 200 MHz and 400 MHz were acquired at the IAG/USP geophysical test site, São Paulo, Brazil, and one profile of 500 MHz was acquired at the Oscoda site. In all profiles, shielded bistatic antennae and GSSI Model SIR-3000 ͑USP͒ and SIR-10Aϩ ͑Oscoda͒ equipment were used. At the test site, the profiles were spaced 1 m apart, the interval between traces is 5 cm, and they were acquired along both north-south and east-west directions. Although this is acceptable for 3D imaging of 2D objects ͑e.g., a pipe͒, aliasing will occur for 3D objects smaller than a wavelength.
To avoid aliasing and to obtain 3D full-resolution GPR imaging, the interval between traces needs to be reduced ͑Grasmueck et al., 2005͒. In the Oscoda area, the profile was acquired using an interval between the traces of 1.5 cm. At both sites, profiles were acquired by using continuous mode, stack of 4, and electric field-E y polarization ͑long antenna axis perpendicular to transect direction͒.
GPR processing was done using Radan software ͑GSSI͒. The objectives of GPR data post-processing were to improve vertical resolution and spatial positioning of the tanks. The main stages used in standard processing were: time zero-correction, time filtering ͑band-pass͒, and time-varying gains. Band-pass filtering was applied to reduce the amplitude of low and high frequency noise. Time-varying gains were applied to compensate for absorption, spherical divergence, and signal scattering. This standard procedure does not remove the hyperbolic artifact that is located below and midway between the hyperbolas from the pair of tanks.
In order to explain the origin of the artifact, Figure 3a shows via positions A, B, and C a schematic GPR raypath over two steel tanks buried at the IAG/USP test site. Figure 3b shows the simulated results of wave propagation considering zero-offset between transmitter and receiver antennas, normal incidence, 0.97-m depth for tank-1 ͑h 1 ͒, 0.99-m depth for tank-2 ͑h 2 ͒, 1.0 m distance ͑d͒ between tanks, 0.3-m ray ͑r͒, 0.06-m/ns velocity ͑v͒, and position ͑x͒ in the distance axis. Simplified A, B, and C equations for the raypath are presented at the top of Figure 3b .
To remove hyperbolic artifacts caused by reflections between the tanks, additional processing was applied to the data. The main stages used in this effective processing were: predictive deconvolution, high-pass filtering varying in time, and Kirchhoff migration and Hilbert transforms. In both standard and effective processing, time/ depth conversion was done. Vertical axes show depth ͑left͒ and twoway traveltime ͑right͒.
Predictive deconvolution ͑for instance, operator length ‫ס‬ 21, prediction lag ‫ס‬ 12, prewhitening ‫ס‬ 10, and samples ‫ס‬ 35-512͒ was used to remove periodic or reverberatory GPR reflection events from the steel tanks, and to improve the vertical resolution through pulse compression ͑Robinson and Treitel, 1980; Yilmaz, 1987͒. High-pass filtering was applied in the entire time window of GPR profiles to improve the signal-to-noise ratio and reduce the amplitude of the hyperbolic artifact. In order to remove or minimize the influence of artifacts, high-pass filtering was applied again, in which the start of the time window corresponds to the top of the artifact ͑40 ns͒ and extends to the end of the trace.
The lateral positioning of multiple steel tanks was improved using Kirchhoff migration to collapse the hyperbolae. For GPR data migration from line 4 of the IAG/USP test site, a variable apparent velocity model, such as v 1 ‫ס‬ 0.060 m/ns for the 0-20 ns interval, and v 2 ‫ס‬ 0.067 m/ns for times Ͼ20 ns, was used.
For migration of the profile from Oscoda, Michigan, a constant apparent velocity of 0.155 m/ns was applied. At the IAG/USP test site, as well as the Oscoda site, these velocities were obtained by analyzing the geometry of the hyperbolae associated with the reflection of various steel tanks, and that of the steel reference pipe ͑IAG/ USP͒, being calculated by the x 2 ‫מ‬ t 2 method ͑Dix, 1955͒. Hilbert transforms were used to calculate the amplitude envelope of traces along the GPR profiles, to better emphasize the location of the steel tanks and the reference pipe in energy cross-section form. Finally, for conversion from time to depth in the test site profiles, a dielectric constant model of 25 for the 0-20-ns interval, and 20 for times Ͼ20 ns, was used to be compatible with wet clayey-sand soil ͑Porsani et al., 2004͒.
In contrast, in profiles at Oscoda, a dielectric constant of 3.7 was used to be compatible with dry sandy soil. GPR results, in the form of vertical and depth slices, were very important to improve visualization and characterization of steel tanks, and the steel reference pipe in the subsurface. 
ANALYSIS OF RESULTS

IAG/USP test site, São Paulo, Brazil
Figure 3. ͑a͒ Schematic GPR raypath between two buried steel tanks. ͑b͒ Simulation of wave propagation, considering zero offset between transmitter and receiver antennas, where the simplified equations for the A, B, and C raypaths are presented at the top of the figure. characterized by strong hyperbolic reflectors. Note that a third hyperbolic reflector appears lower, between the tanks. This is the artifact caused by wave reflections from tank 1 to tank 2 before it returns to the surface ͑raypath B in Figure 3a and A ‫ם‬ B ‫ם‬ C hyperbola simulation results in Figure 3b͒ . Figure 4b shows the GPR profile after Kirchhoff migration from Figure 4a . In this figure, hyperbolic reflectors for tank 1 and tank 2 were collapsed to a point, and the artifact changed to a "smile" artifact. The smile artifact appears because the apparent velocity measured for hyperbolae of tanks 1 and 2 ͑0.067 m/ns͒ is 15% greater than the apparent velocity measured for the hyperbola artifact ͑0.057 m/ns͒ ͑Yilmaz, 1987͒. Therefore, to improve GPR profile quality over adjacent steel tanks, the hyperbolic artifacts must be corrected or removed. Figure 5 presents a 200-MHz GPR profile over paired steel tanks buried at the IAG/USP test site after effective processing data from Figure 4a . Results obtained after deconvolution, and high-pass filtering appear in Figure 5a . We can observe that the hyperbolic artifact ͑Figure 4a͒ was removed, whereas hyperbolic reflections because of the tanks ͑1 and 2͒ became clearer, and reverberations of the electromagnetic signal became attenuated. This is because the highpass filter removes the lower-frequency artifact, and because the deconvolution filter increases the vertical resolution ͑Yilmaz, 1987͒. Figure 5b shows the GPR profile after Kirchhoff migration from Figure 5a . Observe that the hyperbolic reflectors for tanks 1 and 2 were collapsed to a point and the smile artifact ͑see Figure 4b͒ disappeared completely. Therefore, these results showed that the use of effective processing was very important to improve the quality of the image, increase the vertical resolution, and permit the almost complete removal of this artifact.
To improve the resolution of hyperbolic reflectors over two steel tanks, and to show again the hyperbolic artifact as a result of the reflection between the tanks, a 400-MHz GPR profile was acquired over the same tanks displayed in Figure 3a . The two stages of processing, standard and effective, also were done. Figure 6 shows the 400-MHz GPR profile over two steel tanks buried at the IAG/USP test site. Figure 6a was the result after the standard processing data without predictive deconvolution. Strong hyperbolic reflectors characterize the tops of the two steel tanks ͑1 and 2͒. The third hyperbolic reflector ͑marked with an arrow in Figure 6a͒ is clearer than the one observed in Figure 4a , and it is the artifact caused by the wave reflections between tank 1 and tank 2 of Figure 3 . Figure 6b shows the GPR profile after migration of Figure 6a . Note that the hyperbolic reflectors for tanks 1 and 2 were nearly collapsed to a point and that the hyperbolic artifact changed to a smile artifact in Figure 4b . Figure 7 shows the 400-MHz GPR profile over the paired steel tanks buried at the IAG/USP test site after additional ͑effective͒ processing of data from Figure 6a . Results obtained after deconvolution and high-pass filtering are shown in Figure 7a . Observe that the hyperbolic artifact ͑Figure 6a͒ was removed, the hyperbolic reflections appearing at the tops of tanks were clearer, and reverberations of electromagnetic signal were attenuated. Figure 7b shows the GPR profile after migration from Figure 7a . Hyperbolic reflectors for the two tanks were collapsed to a point, and the smile artifact ͑seen in Figure 6b͒ was completely removed.
Results obtained for 200-MHz and 400-MHz GPR profiles over the two steel tanks were encouraging. Subsequently, effective processing stages were applied to line 4 of the IAG/USP test site in order to improve the quality of the entire GPR profile, and to best characterize all of the steel tanks. Figure 6 . 400-MHz GPR profile over paired steel tanks buried at the IAG/USP test site. ͑a͒ Standard processing without deconvolution. ͑b͒ After Kirchhoff migration from ͑a͒.
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Porsani and Sauck Figure 8 shows tank locations and 200-MHz GPR results over multiple steel tanks buried at various depths in line 4 from the test site. Figure 8a graphs a section to show the spatial distribution of 200-liters steel tanks. Figure 8b shows the GPR profile after deconvolution and high-pass filtering ͑blue rectangle shows an enlarged area and with depth slices to be shown in Figure 9͒ . Strong hyperbolic reflectors characterize tank tops as a consequence of the high-conductivity steel ͑Olhoeft, 1998͒. Figure 8c shows the migrated profile. Observe that the hyperbolas were collapsed to a point and the tanks are focused. Figure 8d shows the profile after applying the Hilbert transform. Beyond a 2.5-m depth, the GPR signal is strongly attenuated because of the high conductivity of sediments of the São Paulo basin ͑Porsani et al., 2004͒.
Figure 9 details part of Figure 8b . The figure shows a 3D diagram with a horizontal slice at 0.7-m depth and a vertical slice along the tank centers. These results showing horizontal and vertical slices are important because they improve visualization and characterization of the steel tanks and steel reference pipe. In this figure, the GPR signature is clear for steel targets in terms of reflection and signal amplitude. Both target A and the linear anomaly in the slice at 0.7-m depth correspond to the steel reference pipe that crosses all lines of the test site. Hyperbolic B, C, and D reflections, all corresponding to steel tanks, are shown in Figure 8b .
Results obtained with effective processing stages for 200-MHz and 400-MHz GPR profiles over multiple steel tanks buried at the IAG/USP test site were very interesting. The results show improved detection of steel tanks, and artifact removal. In order to verify the effectiveness of the processing, additional processing stages were applied to another GPR profile acquired in a very different place, as described next.
Oscoda site, Michigan, USA Figure 10 shows a 500-MHz GPR profile over multiple steel tanks buried in Oscoda, Michigan, USA. Figure 10a was obtained after the standard processing without predictive deconvolution. Strong hyperbolic reflectors characterize the tops of the two steel tanks. Note that between the 1-and 2-m positions at a depth less than 0.5 m, two little hyperbolic reflectors appear. These reflectors are caused by two filler or vent pipes over the first tank. Note that these tanks are more than two orders of magnitude larger in volume than the barrels at the IAG/USP site discussed earlier. Figure 10 . 500-MHz GPR profile over two large steel tanks buried in Oscoda, northeastern Michigan, USA. ͑a͒ Standard processing without deconvolution. ͑b͒ After Kirchhoff migration from ͑a͒.
The third hyperbolic reflector ͑marked with an arrow in Figure  10a͒ is the artifact caused by the wave reflections between the tanks. Figure 10b shows the GPR profile after Kirchhoff migration ͑0.155 m/ns͒ of Figure 10a . Note that the hyperbolic reflectors for the two tanks were collapsed to a point, and the hyperbolic artifact changed to a smile artifact. Figure 11 shows the same 500-MHz GPR profile after applying effective processing to Figure 10a . Results obtained after deconvolution and high-pass filtering are shown in Figure 11a . Note that the hyperbolic reflections from the tank tops were clearer, electromagnetic signal reverberations were attenuated, and the hyperbolic artifact ͑see Figure 10a͒ was minimized. Figure 11b shows the GPR profile after migration of Figure 11a . Hyperbolic reflectors for the two tanks were collapsed to two points, and the smile artifact ͑see Figure  10b͒ had been removed.
CONCLUSIONS
The IAG/USP geophysical test site constructed on the University of São Paulo campus is a pioneering effort in Brazil. Various steel, plastic, and concrete targets were buried in order to simulate geotechnical problems, objects found during environmental studies, and objects typical of archaeological sites. At first, the test site was constructed just for teaching and research purpose. At present, the site is being used to check the penetration and resolution of different geophysical methods to detect and characterize shallow targets.
The effective processing of 200-MHz, 400-MHz, and 500-MHz GPR profiles over multiple steel tanks recorded over the IAG/USP test site ͑São Paulo, Brazil͒ and in an abandoned area of truck fueling and maintenance ͑Michigan, USA͒ improved the quality of signal and vertical resolution, enhanced lateral tank positioning, and removed hyperbolic artifacts caused by reflections between tanks. Additional 3D processing, such as vertical and depth slices, improve visualization and characterization of the steel tanks, and of a steel reference pipe buried in the subsurface.
Geophysical signatures of known targets buried at the IAG/USP test site contribute to our ability to interpret geophysical data by their use as typical examples, and could be extrapolated to areas where information about the subsurface was lacking. We found that the same effective processing or enhancement techniques developed for the small drums at the IAG/USP test site were applicable to far larger underground storage tanks at the field site in Oscoda, Michigan. Figure 11. 500-MHz GPR profile over steel tanks buried in Oscoda, northeastern Michigan, USA. ͑a͒ Effective processing after deconvolution and high-pass filtering. ͑b͒ After Kirchhoff migration from ͑a͒.
